Substantial evidence indicates that the disease-associated conformer of the prion protein (PrP TSE ) constitutes the etiologic agent in prion diseases. These diseases affect multiple mammalian species. PrP TSE has the ability to convert the conformation of the normal prion protein (PrP C ) into a β-sheet rich form resistant to proteinase K digestion. Common immunological techniques lack the sensitivity to detect PrP TSE at subfemtomole levels, whereas animal bioassays, cell culture, and in vitro conversion assays offer higher sensitivity but lack the high-throughput the immunological assays offer. Mass spectrometry is an attractive alternative to the above assays as it offers high-throughput, direct measurement of a protein's signature peptide, often with subfemtomole sensitivities. Although a liquid chromatography-multiple reaction monitoring (LC-MRM) method has been reported for PrP TSE , the chemical composition and lack of amino acid sequence conservation of the signature peptide may compromise its accuracy and make it difficult to apply to multiple species. Here, we demonstrate that an alternative protease (chymotrypsin) can produce signature peptides suitable for a LC-MRM absolute quantification (AQUA) experiment. The new method offers several advantages, including: (1) a chymotryptic signature peptide lacking chemically active residues (Cys, Met) that can confound assay accuracy; (2) low attomole limits of detection and quantitation (LOD and LOQ); and (3) a signature peptide retaining the same amino acid sequence across most mammals naturally susceptible to prion infection as well as important laboratory models. To the authors' knowledge, this is the first report on the use of a non-tryptic peptide in a LC-MRM AQUA workflow.
Introduction
T ransmissible spongiform encephalopathies (TSEs) or prion diseases are a family of fatal neurodegenerative diseases that affect humans (Creutzfeldt-Jakob disease, CJD) and a variety of farmed and free-ranging mammals, including cattle (bovine spongiform encephalopathy, BSE), sheep and goats (scrapie), North American members of the deer family (chronic wasting disease, CWD), and mink (transmissible mink encephalopathy, TME) [1] [2] [3] [4] [5] [6] . Prion diseases are unique among protein misfolding disorders in that they are transmissible. Sheep scrapie and CWD appear unique among prion diseases in that epizootics can be sustained through horizontal transmission and that an environmental reservoir of infectivity can contribute to transmission [4, [7] [8] [9] [10] [11] [12] [13] [14] [15] . Chronic wasting disease in captive and free-ranging animals and BSE in domestic cattle have caused substantial agricultural, economic, and social impacts. Bovine spongiform encephalopathy has transmitted to humans in the form of variant CJD, raising concern about the potential for CWD to cross the human species barrier [16] [17] [18] [19] [20] . The pathogenic prion protein, denoted as PrP TSE , can induce conformational changes in the normal, benign cellular form of the protein, PrP C , leading to disease propagation and accumulation of PrP TSE [21] . The cellular and pathogenic isoforms of the prion protein possess identical primary sequences and covalent post-translational modifications, and differ only in their conformation [21] [22] [23] [24] [25] [26] [27] . Circular dichroism and infrared spectroscopy studies have indicated that conversion of PrP C to PrP TSE is accompanied by a dramatic increase β-sheet content [28, 29] . The differences in secondary and higher order structures of PrP C and PrP TSE confer on them profoundly different biophysical properties. PrP C is susceptible to proteolysis, is soluble in water and detergents, and exists as a monomer. In contrast, PrP TSE is partially resistant to proteolysis, insoluble in water and non-denaturing detergents, and has a propensity to aggregate. Differences in protease resistance is frequently used to discriminate between the two conformers. Treatment of PrP TSE with proteinase K (PK) yields the PK-resistant core of the molecule, denoted PrP [27] [28] [29] [30] because of the position to which it migrates in SDS-PAGE. In contrast, similar treatment of PrP C leads to the generation of many small peptide fragments [21] . Therefore, PK-treatment of PrP C or PrP TSE yields distinct peptide products, enabling their detection and quantification.
Detection and quantification of PrP TSE remain challenging. An intracerebral infectious dose of PrP TSE for hamsters has been estimated to contain~10 4 to 10 5 molecules (~0.02 to 0.2 amol) [30, 31] . The most widely employed methods to detect prions and PrP TSE are animal bioassay and immunological assays. Animal bioassay is the most direct technique to measure prion infectivity and is considered the "gold standard" for prion detection, but is animal-intensive, time-consuming, expensive, and generally limited to rodent-adapted prion strains, or requires the use of transgenic mice expressing the prion protein of interest [32] . Immunologic assays such as Western blotting, enzyme-linked immunosorbent assays, and a conformation-dependent immunoassay are commonly used in prion research but have limits of detection (LOD) from 20 to 0.1 pmol [33] [34] [35] [36] [37] [38] [39] [40] . Other classes of prion detection methods are in vitro conversion assays and cell culture methods. Protein misfolding cyclic amplification (PMCA) is a powerful prion conversion assay that exploits the ability of PrP TSE to convert PrP C to a PK-resistant form in a manner conceptually similar to the polymerase chain reaction [41] [42] [43] . Many amplification/ conversion cycles can be performed to increase PrP TSE levels 10-to 10 7 -fold prior to detection [41] . A drawback of this method is that amplification of PrP TSE can take several days to achieve ultrasensitivity, stringent conditions are required to prevent false positive results [44] , and levels of PrP TSE are not directly measured. Addition of polymeric beads to PMCA reactions has recently been shown to improve the robustness of the method [45, 46] . Cell culture-based methods have recently been reported for several economically important species [47, 48] .
Mass spectrometry-based methods using stable isotopelabeled standards (SIS) for absolute quantification (AQUA) represent an attractive alternative to the prion detection methods mentioned above. The AQUA method involves introducing a known concentration of a SIS peptide to a protein digest that yielded the same unlabeled peptide. Peptide abundances of the two peptides (SIS and native) are then measured by liquid-chromatography with multiple reaction monitoring (LC-MRM), and the concentration of the targeted protein is calculated using a calibration curve. This method allows sub-femtomole quantification of proteins in complex mixtures [49, 50] .
A LC-MRM assay was recently reported for the detection and quantitation of PrP TSE in Syrian hamster brain homogenate [51, 52] . A potential drawback to the reported method is that the signature tryptic peptide used for quantitation contains two chemically reactive residues (Cys, Met) that could compromise assay accuracy. Furthermore, although a high degree of sequence identity exists across mammalian species, the primary structure differs slightly in each [53] . This would require that the tryptic SIS peptide to be revalidated for additional species [54] , adding expense to the lab.
Our work explores the use of alternative proteases to produce a peptide suitable for LC-MRM AQUA assays of prion protein. A suitable AQUA peptide is defined here as (1) lacking chemically active residues (Cys, Met) that can compromise the accuracy of the assay, (2) providing subfemtomole LOD and LOQ, and (3) identical across multiple mammalian species susceptible to natural prion disease or used as laboratory models. Many LC-MRM AQUA publications mention in passing that proteases other than trypsin could, in principle, be used to produce a peptide suitable for a quantification assay [50, 55] , but to the authors' knowledge, accounts of other enzymes being utilized for this type of assay have not been published. Thus, our work reports the first application of a non-tryptic peptide in a LC-MRM AQUA workflow. 
Experimental

Qualitative Mass Spectrometry
Bovine rPrP peptide fragments produced by tryptic, chymotryptic, thermolytic, and Glu-C digestions were identified by nanoESI-direct infusion (300 nL•min -1 ) into a Bruker amaZon ETD ion trap mass spectrometer. In addition, digestions were analyzed by nanoLC-MS/MS using an Eksigent Ultra 2D UPLC. Mobile phase A was water in 0.1 % FA (aq) (vol/vol), and mobile phase B was ACN. Samples were introduced into the system by a 5 μL injection onto an Agilent Technologies Zorbax 300 SB-C18 5 μm, 5× 0.3 mm trap cartridge (Santa Clara, CA, USA) at a flow rate of 5 μL•min -1 of 95 % mobile phase A for 5 min. Peptides were separated on a 3 μm Waters Atlantis dC18 75 μm× 150 mm column (Milford, MA, USA) with a 40 min gradient from 5 % to 35 % mobile phase B at a flow rate of 250 nL•min -1 and column temperature of 30°C. Electrospray emitter tips were prepared in house from 75 μm i.d., 360 μm o.d. capillary tubing (Polymicro Technologies, Phoenix, AZ, USA) using a Sutter P-2000 laser capillary puller (Novato, CA, USA).
Capillary voltage was set to −1300 V, end plate offset voltage was −500 V, dry gas flow was 4.0 L•min -1 , and dry gas temperature was 125°C. MS data were acquired from 300 to 1700m/z in enhanced resolution mode (8100m/z s -1 ) with a target mass of 700m/z and trap drive level of 100 %. CAD MS 2 spectra were manually collected with a 1-V MS/ MS fragmentation amplitude, and smart fragmentation was set at 30 % to 300 %. Bovine rPrP peptide fragments produced by chymotryptic digestion in the timed digestion experiment were identified using a Bruker autoflex III MALDI TOF/TOF mass spectrometer. For this analysis, equal volumes (0.5 μL) of reconstituted digest and matrix solution, consisting of 5 mg CHCA dissolved in 1 mL 50 % ACN/0.1 % TFA (aq) (vol/ vol), were mixed on a ground-steel plate and allowed to dry. Mass spectra were acquired in reflectron positive ion mode with a 200 Hz repetition rate averaging 500 laser shots.
In silico tryptic, chymotryptic, thermolytic, and Glu-C digestions of bovine and hamster rPrP were performed using MS-Digest tool from the Protein Prospector suite (http:// prospector.ucsf.edu, v. 5.9.2) developed by UCSF. Carbamidomethylation was set as a static modification, methionine oxidation was selected as a variable modification, the minimum peptide length equaled five, peptide mass ranged from 300 to 2500m/z, and multiple charged ions were reported in the algorithm's output. Prion protein amino acid alignment was carried out with Jalview software (http://www.jalview.org/download.html) [56, 57] and the clustalW alignment algorithm [58] . Protein sequences were from uniprot/swissprot knowledgebase (http://www.uniprot.org/help/uniprotkb).
Quantitative Mass Spectrometry
LC-MRM experiments were performed with a Waters nanoAcquity UPLC connected online with an AB SCIEX 5500 QTRAP equipped with a nanospray III ion source. Initial experiments to manually optimize instrument response for YRPVDQY and FLNPWEK were done by direct infusion. The two peptides (2.5 pmol•μL -1 in 50 % ACN/ 0.1 % FA (aq) [vol/vol] ) were infused into the mass spectrometer at 500 nL•min -1 . A precursor scan was used to confirm the presence of analyte ions in the mass spectrometer, and a product ion scan was used to determine the dominant MS 2 fragment peaks. Curtain gas, ionspray voltage, ion source gas 1, interface heater temperature, and ESI emitter position were optimized for the precursor signal, while the declustering potential (DP), entrance potential (EP), collision energy (CE), and collision cell exit potential were optimized for each precursor/product ion MRM transition to obtain maximum analyte/MRM intensity while maintaining stable electrospray intensity. Instrument settings for RPVDQY were optimized using Skyline software (https://skyline.gs.washington.edu, v. 0.7) developed by the MacCoss Lab [59] .
For LC-MRM experiments curtain gas was set to 20 psi, collision gas was medium, ionspray voltage was 2300 V, ion source gas 1 was set to 16 psi, and interface heater temperature was 150°C. UPLC elution solvents were: A (0.1 % FA (aq) [vol/vol] ) and B (ACN/0.1 % FA (aq) [vol/vol] ). Q1 and Q3 were operated in unit resolution mode, and dwell time for each transition was set to 40 ms. Quantification was performed with the IntelliQuan quantification algorithm of Analyst 1.5.1 software (AB SCIEX) using default parameters. Calibration curves, proteolysis time, and digest accuracy graphs were prepared using Graphpad Prism (v. 5.0) software.
Results and Discussion
Identifying a Non-Tryptic Peptide for AQUA Quantification of PrP TSE We simulated digestion of the proteinase K-resistant core of Syrian hamster and bovine PrP TSE by 13 proteases in silico with Protein Prospector's MS-Digest algorithm: trypsin, chymotrypsin, Lys C, Lys N, pepsin, Arg C, Asp N, Asp C, DE-N, Glu-C, Tyr-C, thermolysin, and Pro-C. Chymotrypsin, Glu-C, and thermolysin showed promise in that they produced peptides in silico that met our first criterion for a suitable AQUA peptide (Supplemental Table 1 ): lack of chemically active residues (Cys, Met) that can compromise assay accuracy (Supplemental Figure 1) . Chymotrypsin cleaves peptide bonds predominantly on the carboxyl side of Tyr, Phe, and Trp. Glu-C cleaves peptide bonds at the carboxyl side of Glu residues. Thermolysin is predicted to cleave peptides at the N-terminal side of hydrophobic amino acid residues Leu, Ile, Phe, Val, Ala, and Met [60] .
After identifying proteases that may potentially produce a peptide meeting our first criterion, trypsin, chymotrypsin, Glu-C, and thermolysin digestions were performed according to manufacturers' instructions. Desalted proteolytic digests were directly infused into a Bruker amaZon ETD ion trap mass spectrometer and also subjected to nanoLC-MS/MS analysis to experimentally determine which peptides predicted in in silico digests warranted further consideration for a quantitative assay.
Trypsin was included in the initial screening of proteases because it had previously been used for prion quantification [51, 52, 54, 61] . Supplemental Figure 1 demonstrates that bovine rPrP tryptic peptide VVEQMCITQYQR was observed in both its normal (a) and sulfoxide forms (b) during nanoLC-MS/MS analysis. Supplemental Figure 1c shows that the SIS peptide VVEQMCTTQYQK was also observed in its normal and sulfoxide forms during nanoLC-MS/MS analysis. Recently, researchers have started monitoring both normal and sulfoxide forms of the native and SIS tryptic AQUA peptides for quantification assays [54, 62] , but as Supplemental Figure 1c shows, the possibility still exists for the normal SIS peptide to contribute to the sulfoxide SIS peak, and for the sulfoxide SIS peptide to further oxidize to the sulfone state, thereby confounding quantification [63] [64] [65] . This observation drove us to identify and use a peptide lacking chemically reactive residues to use as a signature peptide for LC-MRM quantification of prion protein.
Target peptides from the Glu-C and thermolysin digests were not observed at high intensities in either the direct infusion or online nanoLC analyses (data not shown). In contrast, chymotrypsin generated an intense ion peak at m/z 470.7 (2+) corresponding to the doubly charged peptide ion YRPVDQY. We originally targeted RPVDQY as a potential peptide for MRM quantification, but we did not observe ions for this peptide during direct infusion or nanoLC-MS/MS analyses (Supplemental Figure 2) . Instead, the predominant ion observed was the doubly charged YRPVDQY ion (one missed cleavage). The reason that production of the missed cleavage form of RPVDQY dominates over that of the fully digested form is unclear. However, the doubly charged YRPVDQY peptide ion met our first criterion for a suitable AQUA peptide since it lacks chemically reactive Cys and Met residues. We assessed the peptide's specificity to prion protein by performing an NCBI BLAST search against nonredundant protein sequences. Results indicated that YRPVDQY is unique to prion protein. We therefore further investigated this peptide.
The candidate AQUA peptide also met our third criterion of sharing homology with a large number of agriculturally important and research model species. Comparison of prion protein primary structure across 46 mammalian species showed that YRPVDQY was conserved in 35 of 46 species [53] . Of the remaining 11 species, six different isoforms of residue 163-169 peptide were observed and only one species did not contain this sequence due to C-terminal truncation. Figure 1 displays the amino acid sequence alignment of 20 prion proteins from mammalian species naturally susceptible to prion disease or serving as important research models. Peptide YRPVDQY resides at amino acid positions 163 to 169 (human PrP numbering). Figure 1 shows that YRPVDQY is common in 16 of the 20 species including rodents (hamster, mouse, rat, voles), cervids (deer, elk, moose), cattle, and goats. Rodents (especially mice and Syrian hamsters) are important models in prion research because mouse genetics can be manipulated to test hypotheses, and hamsters have relatively short incubation times and high infectious titers [66] . Cervid CWD is an emerging infectious disease in North America with a rapidly expanding range. BSE in cattle and scrapie in goats are TSEs of agricultural concern, and BSE has spread to humans in the form of variant CJD [16] [17] [18] [19] [20] . Discovery that an environmental reservoir of infectivity can contribute to horizontal (animal-to-animal) spread of CWD and scrapie has prompted research to identify sources of infectivity and mechanisms of transmission [4, [7] [8] [9] [10] [11] [12] [13] [14] [15] . A LC-MRM assay using the signature peptide YRPVDQY could be implemented in research in these species without the need for assay revalidation. This is not the case for the previously reported peptide VVEQMCTTQYQK (PrP residues 209-220) that is unique to Syrian hamster ( Figure 1) ; revalidation would be required for species with alternative amino acid sequences in this region [54] . Furthermore, use of this peptide is not possible for some species due to C-terminal truncation of the protein [53] .
We also investigated whether known species-specific polymorphisms in prion protein could affect this LC-MRM assay. The sequence YRPVDQY is conserved across the cervid, bovid, and rodent species presented in Figure 1 . For a polymorphism to affect this assay, the amino acid substitution would have to occur within residues 163 to 169. Substitution of amino acid 169 with a residue other than Phe or Trp would prevent production of the chymotryptic AQUA peptide and would interfere with analysis. Cervids have at least 20 known polymorphisms, but only seven of these alter the primary sequence of PrP [5, 67] , and none affect amino acids 163 to 169 or the generation of the chymotryptic peptide. Thirteen polymorphisms have been identified in the bovine Prnp gene with only three affecting the translated protein and none impacting this assay [67, 68] . In the case of rodents, Syrian hamsters have no known polymorphisms and mice only have two polymorphisms (L108F and T189V), neither of which would interfere with the assay developed here [69] . Although voles have several known polymorphisms, none of them occur between residues 163 and 169 [70] . Therefore, the likelihood that polymorphisms in Prnp gene for these species to hinder the efficacy of the LC-MRM method presented here is considered low, making this method generally applicable for a wide range of species.
Determining the Limits of Quantification (LOQ) and Detection (LOD) for YRPVDQY
The LOQ, LOD, and linear dynamic range for YRPVDQY were empirically determined by LC-MRM on an AB SCIEX 5500 QTRAP. Figure 2 shows the CAD MS/MS spectra of YRPV[ 13 C 5 , 15 N]DQY. As expected, b-ions dominate this MS/MS spectrum whereas y-ions dominate MS/MS spectra for tryptic peptides. The y-series dominate tryptic peptide MS/MS spectra because basic Arg and Lys residues reside on the C-terminus resulting in higher signal intensities. In the case of YRPVDQY, chymotryptic digestion produced a peptide with an Arg near the N-terminus giving rise to higher intensity b-ions [71] . Instrument and MRM transition settings for SIS peptide YRPVDQY y 1 , b 2 , b 4 , b 5 , and b 6 ion transitions were manually optimized to provide reproducible and highly sensitive measurements (vide supra). After optimization, the b 6 ion transition was chosen for quantification, and two transitions (b 5 , y 1 ) were selected for peptide confirmation (Table 1) .
A calibration curve for the optimized m/z 473.7 +2 to 765.3 +1 transition was constructed (Figure 3a) . tryptic digest as sample matrix because we observed departures in linearity in the low attomole range (G100 amol) when performing the experiment in a neat matrix (data not shown). We hypothesized that this was due to analyte adsorption to microcentrifuge tubes, pipette tips, and glass sample vials. Additionally, we hypothesized that the addition of a complex sample tryptic digest would mask these adsorption sites without interfering with MRM transitions. We were able to obtain a more accurate and linear calibration curve using this background matrix without affecting the purity of our MRM transitions. Figure 3a shows the MRM response of seven dilutions of the standards ranging from 80 amol to 200 fmol. a The italicized/bolded transitions for each peptide indicate the transition used for quantification. The two non-italicized/bolded transitions were used to confirm the peptide's identity. * Indicates the location of the heavy amino acid ( The correlation coefficient for this curve was 0.996. Figure 3b and c display the chromatographic profiles for 40 fmol and 80 amol injections, respectively. The signal-to-noise ratio (S/ N) was calculated using the standard deviation of a blank containing only background matrix ±15 s of YRPVDQY elution time as an estimate of instrumental/chemical noise. For quintuplicate measurements of 80 amol, calculated S/N was 11; for 40 amol, calculated S/N was~6. By defining the LOD as the amount of analyte yielding a S/N=3, we estimate this LC-MRM method can achieve a limit of detection between 20 and 40 amol, comparable to that estimated for the tryptic MRM peptide [51] . These results indicate that peptide YRPVDQY meets our second criterion for a suitable AQUA peptide by having a subfemtomole LOD and LOQ.
Optimization of Chymotrypsin Digestion Time
After establishing that YRPVDQY has a LOQ G100 amol and a LOD between 20 and 40 amol, we optimized digestion time using bovine rPrP. Although chymotrypsin cleaves peptide bonds predominantly on the carboxyl side of Tyr, Phe, and Trp, nonspecific hydrolysis can occur if digestion is conducted for too long [72, 73] , making the use of the shortest possible time for complete digestion of PrP advisable. Based on manufacturer recommendation and previous work by Arsene et al. [74] , we determined that the digestion was complete by 9.5 h using the 5500 QTRAP to measure the native and SIS form of YRPVDQY (Figure 4 ). In addition, we monitored the digestion using a MALDI autoflex III TOF/TOF and surprisingly observed that after 3 h of digestion a low intensity singly charged ion peak (m/z 777.4) appeared (Supplemental Figure 3) . This ion peak corresponds with the m/z of the fully digested RPVDQY peptide. The MALDI spectra collected during the digestion time optimization experiment and the lack of detectable signal for RPVDQY during the enzyme selection experiment (Supplemental Figure 2) indicate that YRPVDQY is the predominant peptide form produced during chymotrypsin digestion. The reason that chymotrypsin digestion of rPrP favors production of YRPVDQY over RPVDQY remains unclear. To determine the extent to which YRPVDQY could form RPVDQY we digested 5×10 -7 M SIS YRPVDQY with chymotrypsin for 9.5 h. The results indicate that only a very small fraction (~0.1 %) of YRPVDQY was converted to RPVDQY during digestion (Supplemental Figure 4) . We hypothesize that during digestion a majority of rPrP forms the missed cleavage peptide YRPVDQY, whereas a small portion of rPrP hydrolyzes as expected from in silico digestion to form the peptide RPVDQY.
To increase the accuracy of the AQUA assay we monitored both RPVDQY and YRPVDQY with SIS peptides in the final assay. We optimized the b 5 , b 4 , and y 1 transitions of RPVDQY using Skyline software to generate a range of DPs and CEs that could be tested in subsequent MRM experiments. The final optimized parameters for YRPVDQY and RPVDQY are listed in Table 1 . We note that RPVDQY behaved similarly to YRPVDQY with respect to LOD, LOQ, and linear dynamic range (Figure 3d a The RSD and accuracy of each point on the calibration curve are G15 % of the true value and RPVDQY calibration curves is that the relative standard deviation (RSD) for points on RPVDQY curves was higher than that for YRPVDQY (Table 2 ). This may be attributed to optimizing RPVDQY by testing only the limited number of DPs and CEs suggested by Skyline software. For YRPVDQY, we optimized all transition voltages by directly infusing YRPVDQY into the mass spectrometer. In any case, the RSD for all points on the calibration curves for both SIS peptides were ≤15 %, which is within suitable limits for a quantification method [75] .
Hamster rPrP 90-231 Quantification by LC-MRM
We tested the performance of our LC-MRM AQUA method on a chymotryptic digest of known amount of an N-terminally truncated form of Syrian hamster rPrP (rPrP ). We used 0.0
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Intensity, cps 90-231 rather than intact rPrP because in biological samples PK digestion is used to discriminate PrP C from PrP TSE . Upon proteolysis, PrP C is broken up into small peptide fragments, whereas a core of PrP TSE (amino acids 90-231) remains intact [21] . After PK digestion, PrP TSE would be denatured with 6 M guanidine hydrochloride and then precipitated with methanol to prepare the truncated protein for chymotryptic digestion. Here, three 2-μg aliquots of hamster rPrP 90-231 were digested with chymotrypsin. Sample preparation was comprised of reduction/alkylation, digestion, addition of SIS peptides, OMIX C18 pipette tip desalting, speedvac concentration, and sample re-suspension/dilution. Recovery experiments were performed to estimate the overall yield of YRPVDQY and RPVDQY after the sample preparation steps. Chymotryptic digests of PrP 90-231 ranging from 1 to 100 fmol•μL -1 rPrP were found to have recoveries of 60 % to 81 %, respectively. The 2 μg digests were diluted so that for a 2.0 μL injection the amounts of native RPVDQY and YRPVDQY would sum to approximately 62.7 fmol on-column when measured. SIS peptides for YRPVDQY and RPVDQY were spiked into the digests so the total injected amount of each SIS would be 10 fmol on-column. Figure 5a and b show the calibration curves for YRPVDQY and RPVDQY over the range 2 to 200 fmol on-column. Figure 5c shows the MRM responses for native and SIS AQUA peptides. Comparison of the SIS transitions to the native ion transitions demonstrates that YRPVDQY was the predominant chymotryptic fragment produced during digestion. The average amounts of YRPVDQY and RPVDQY were 44±1 fmol and 18.6±0.4 fmol on-column over all three digests, respectively. The total hamster rPrP amounts calculated on-column for each digest were the following: Digest 1=64.0±1 fmol, Digest 2=63.7±0.5 fmol, Digest 3=61.3±0.5 fmol. These values correspond to errors of 2.15 %, 1.64 %, and 2.12 %, respectively (Figure 5d ). These results underscore the suitability of YRPVDQY and RPVDQY to serve as AQUA peptides for the quantification of PrP TSE using a LC-MRM strategy.
Conclusion
Mass spectrometry represents an attractive alternative to more commonly used assays to measure prions because it offers high-throughput, direct measurement of a protein's signature peptide with subfemtomole sensitivities. Using recombinant forms of the prion protein we demonstrated the utility of a signature peptide produced via chymotrypsin digestion for a LC-MRM AQUA assay. Our new peptides meet the following criteria: (1) lack of chemically active residues (Cys, Met) that can confound assay accuracy, (2) provision of subfemtomole LOD and LOQ, and (3) identical amino acid sequences across multiple commercially and experimentally important mammalian species. Chymotryptic peptides YRPVDQY and RPVDQY do not contain residues susceptible to modification during sample handling and analysis that could hinder quantification experiments. Each provides low attomole LOD and LOQ sensitivities while maintaining a dynamic range over 3.5 orders of magnitude. In addition, both peptides show a high degree of conservation across mammalian species and should not be affected by known polymorphisms. When used to quantify recombinant prion protein, quantification accuracy error was minimal (G3 %). The LC-MRM approach presented here is expected to translate well into research studying pathogenic prion protein in a large number of mammalian species. We are currently applying this assay to a variety of mammalian species. In summary, we present an inexpensive, high-throughput, and accurate LC-MRM AQUA method for quantification of prion protein in a variety of economically and research important species. To the authors' knowledge, this is the first report of an LC-MRM AQUA method utilizing signature peptides derived from a non-tryptic peptide.
